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TtRTROREFLE CTTVE DEVICES 

This invention relates to retroreflective devices; the term "retroreflective 
devices" as used herein being intended to encompass generally optical 
5 component* used for returning radiation automatically from a temote location 
' toward an optical source, 

Retroreflective devices are designed to reflect radiation back towards its 
source, and such devices are thus frequently used to return radiation toward 
radiating optical sources when it is inconvenient or undesirable to actively 
10 generate radiation at locations, remote from the optical sources, which need to 
send response radiation to fixed or mobile base locations at which the radiating 
optical sources are sited. Common examples include the use of special reflective 
materials for safety clothing or signage, cat's eye markers in road surfaces, and 
measurement points in land surveying or .robotic machinery. Retroreflective 
15 devices may also be used:in combination with optical modulation mechanisms jn 
order to establish two-way optical commimication between the base station and 
tire remote location without needing an opticat source at the remote end of thp 
link. 

" Retroreflective devices currently in common use can oe ciassiHea"int?r 

. 

20 two main types. / 
The first of these accomplishes rstroreflection without any focusing of the 
incoming radiation from the source. This type is commonly available as a 
component with a set of three mutually perpendicular reflecting surfaces, and is 
known as a "comer-cube" retroreflector. Different embodiments of this type of 

25 reflector exist, but all require very high quality in the reflecting surfaces, which 
also need to be very accurately assembled in order to provide precise angular 
coincidence between the incident and reflected beams. Consequently, such 
components are expensive to make, but they have the advantage of providing 
diffraction limited performance which gives excellent quality to the reflected 

30 beam. Disadvaniageously, however, such devices exhibit a limited field of view 
which varies with the construction details, but which cannot allow coverage of 
arbitrary angles of incidence across a full hemisphere without grouping several 
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reflectors together, where each reflector is pointed in a different direction- This 
increases the expense and the complexity of constructing such devices with high 
field of view. 

The second type of retroreflective device currently in common use 
employs focusing of the incident radiation onto a- primary reflecting surface. 
This type is known as a "cat's eye" retareflector, and commonly employs glass 
spheres, or cemented hemispheres, in order to provide retroreflection for paraxial 
incident rays. Such devices can be made very small (for example with sub- 
nullimetee diameters) and offer a very wide field of view, including a complete 
hemisphere or more in a single component. Furthermore, single spheres can be 
manufactured in quantity at low cost. The main disadvantage of this design is 
that the reflected radiation is subject to severe spherical aberration for non- 
paraxial rays, and this can strongly reduce the far-field intensity of the reflected 
beam measured on^ds. It also leads to significant beam dj v«gence, making the 
reflection visible far from the axis, whfchf ^ , be .undesirable in some 
applications, for example in ftee-space conrnuir^ionSwh^. privacy is desired. 

A class of lenses, called 'graded refractive index' (or GRIN) lenses, is 
known, in which the material of the lens exhibits gradual variations in refractive 

indes through its volume. An example is the so^al lea^RM^^ensr^Mch- 

20 is a graded-index lens with cylindrical symmetry and radial parabolic index 
distribution. See S. Nemoto and J. Kida, 'Rgstroreflector using gradient-index 
rods* AppL Opt 30(7% 1 Mar 1991, p.815-822. 

fa a publication entitled "Gradient Index Optics" published by Academic 
Press in 1978, E.W. Marchand describes at pages 2 and 3 a lens, previously 
25 discovered by Luneburg, having an index function with spherical symmetry 
about a point. Marchand describes the Luneburg lens as difficult to make (at 
least for radiation in the visible region of the spectrum), and goes on to say that 
the lens, even if it can be made, has limited nubilities for usefiil application, 
though he does suggest a possible modification of the lens, incorporating a 
30 mirror to produce an action similar to that of a comer cube. 

Sphere lenses with refractive index distributions possessing spherical 
symmetry are known as 'GRJN-sphere' lenses, having a spherically symmetric 
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refractive index distribution in which the refiactive index varies gradually across 
a radial cross-section. Such lenses are known to exhibit improved spherical 
aberration compared to uniform sphere lenses- See Y. Koike, A. Kanemitsu, Y. 
Shioda, E. Nihei and Y. Ohtsuka, 'Spherical gradient-index polymer lens with 
5 low spherical aberration' AppL Opt 33(17), 1 Jun 1994, p. 3394-3400. 

GRIN-rod lenses have been proposed for use in retroieflective devices, 
but these lenses suffer from restrictions on field of view similar to those 
exhibited by comer-cube tetroreflectors. Other types of cat's eye retrorefiector 
oan be based on catadioptric lens designs, but these also share the 
1 0 aforementioned restrictions on field of view. 

The present invention aims to address at least one of the above-identified 
disadvantages associated with the retroreflective devices currently in common 
use. Preferred embodiments of the invention aim to overcome, or at least reduce, 
jj.. . i jB..w jfce S pherical aberration experienced in cat'6 eye retroreflectors phased- on 
, t « - .. . • v*t i^ s conventional sphere lenses while retaining, at least in subs^tial : mea^e,:their 
'?< iwsA t^n^tsofwidefieWofviewccnjparedtoc* '.fr~' : : 

* i? :rA *«v According to one aspect of 1he invention there is provided a 

retroreflective device comprising a substantially spherical graded refractive index 
lens, a reflective part for retroreflecting a radiation beam passing umwgu the 
20 graded refiactive index lens and, at least partially surrounding the lens, a non- 
gaseous transparent material having a substantially uniform refiactive index: 

The provision of a transparent material of substantially uniform refiactive 
index outside the lens provides fin increased ease of manufacture of the device 
when the refractive index of the refiactive material is substantially greater than 
25 unity. The GRIN-sphere lens can then have a refiactive index variation which 
need not be as large as would otherwise be required. Further, by use of the 
present invention, the refiactive index at the outer surface of the lens need not be 
matched to that of an air interface, which is practically impossible, particularly in 
the visible and infia-red regions of the spectrum, in which the present invention 
30 has particular application. 

Preferably, the refractive index distribution of the GRlN-sphere lens has a 
spherical aberration reducing effect The invention may be employed where the 
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focusing action of a low-aberration sphere in ait is not strong enough to provide 
convergence of the incident beam to a point on the rear surface of "the sphere 
itself or if sufficiently low aberration for a particular application cannot be 
achieved using a GRlN-sphere in air, 
S In preferred embodiments, the transparent material surrounds a 

substantial part of the lens. In a particularly preferred embodiment, the 
transparent material surrounds at least approximately one half of the lens, and 
more preferably surrounds substantially the entire leans. 

Note that, herein, the term "spherical" is intended to refer to surfaces 
10 which include both whole spheres and part-spherical surfaces. 

The boundary of the transparent material remote from the lens is, in some 
preferred embodiments of the invention, defined by a substantially spherical 
surface and in other preferred embodiments the boundary is defined by a 
fir , : substantially planar surfece, although any configuration of the boundary can be 
*• • t i?5< < - usedif selected to perform a particular optical purpose. •-■•<. -; r «.- ^y- 

^ *6 r.\ *• In order that the invention may be clearly understood and readily carded -. v ^ 

into effect, some embodiments thereof will now be described, by way of example 1 
only, with reference to the accompanying drawings, of which; 

Figure 3 shows a retroreflective device in accordance with a fifst 



20 embodiment of the invention; 

Figure 2 shows a retroreflective device in accordance with a second 
embodiment of the invention; 

Figure 3 shows a retroreflective device in accordance with a third 
embodiment of the invention; and 
25 Figure 4 shows two exemplary refractive index distributions in 

accordance with embodiments of the invention. 

Referring now to Figures 1 to 3 of the drawings, preferred embodiments 
of retroreflective devices based on GRIN-sphere lenses are described, by way of 
example, but it will be appreciated by those skilled in the art that other designs 
3 0 may readily be devised to suit particular objectives. 

Figure 1 shows a first embodiment of a retroreflective device based on a 
GBJN-sphere . lens arranged in accordance with the invention- The upper 
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hemisphere of the mechanical surface of the GRIN-sphere lens 2, shown as a 
solid circle 2, is the surface through which an incident radiation beam B (which, 
is assumed to be a parallel beam) passes into the GRIN-sphere lens. 

Ia order to improve the optical characteristics of the device, the GRIN- 
sphere lens 2 is clad in, or otherwise coated with, a transparent material 4 having 
a uniform refractive index of a particular, desired value. The transparent material 
has a uniform thickness, and has an outer spherical surfece which is arranged 
concentric with the outer surfece of the GRIN-sphere lens 2. The upper surfece 
of the transparent material forms the entrance face of me device. Although not 
shown in Figure 1, the entrance face of the transparent material 4 (and indeed the 
equivalent surfaces shown m other figures hereof) may be provided with an anti- 
reflective coating, applied In any convenient manner. 

A reflective coating 6 is applied directly to the outer surface of the 
transparent rnaterial 4, on the side opposite the entrance fece f to provide 
retrojsflectipn iOf the incident rays 4 as shown. For optimum field of view, the,,;, 
Ive c oating 6 covers approximately a hemisphere on the outer surface.,, 
- The lens 2 may be made of suitable polymer materials, such as benzyl 
methacrylate or similar materials, or glass. The desired refractive index 
dlsffiEuuoxrmayHje^^ 




20 



suitable materials within the sphere, or photo-inscription in photosensitive 
material using, for example, ultra-violet sources. 

The transparent material 4 may be made of a suitable plastic, for example 
polymethyl metbacryiate, or glass. 

The reflective coating 6 may be metallic, for example aluminium, to 
25 provide broad spectral reflection, or can itself be of multi-layer design to provide 
wavelength selective reflection. 

A second embodiment of the invention is shown in Figure 2. Here, 
components similar to that shown in Figure 1 are given the same reference 
numerals, incremented by 100. The GRIN-sphere lens 102 is immersed in, and 
30 may be at least partially supported by, an environment comprising a transparent 
solid material 104 of uniform refractive index, having a chosen relationship with 
the refractive index at the GRIN-sphere surfece. The transparent material may be 
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supported by a soEd structure 108, which may for example have a lower surface 
formed, for example as a planar surface, so as to stably support the device in a 
preferred orientation on a horizontal surface. 

Alternatively, depending for example upon the use for which the device is 
5 intended and/or the treatment to which it may be subjected, the leu© may be 
immersed in a transparent liquid material and supported by thin filaments (not 
shown) stretched from the supporting structure 108. 



boundary of the transparent material remote from the lens 102, and through 
10 which a radiation beam passes to be retroreflected, is in this embodiment d e fin e d 
by a substantially planar surface. Such a form of entrance face is relatively easy 
to manufacture, and does not require precise alignment with respect to the GRIN- 
sphere lens 202. However, such a form of entrance fece suffers from angularly- 
dependent retroreflectivfty and polarisation effects. 
15 .» .-.Figure 3;^hows/.a-fhird embodiment of the invention, which reduces 

r ' L angii^ly^pess^nt referaeflectivity and polarisation effects. Hare, components 
similar to those previously described have the same reference numerals, 
incremented by 1 00. The transparent material 204 is given a hemispherical outer 
shape." Th^rnsESi^^ 
20 dome casing (not shown) made of a relatively hard material, such as glass. This 
arrangement reduces the variation of reflection performance with incidence 
angle, compared to the embodiment shown in Figure 2. The rays encountering 
the GRIN-sphere can be made effectively paraxial with respect to the lens formed 
by the outer surfece 210* provided that the radius of curvature of the outer 
25 surface is made sufficiently large compared to the radius of the outer surface of 
the GRIN-sphere lens 202. Due to the preferred relatively large radius of 
curvature of the outer surface of the transparent material 204 at the entrance face 
210, the reflective surface of the reflective material 206 has a smaller radius of 
curvature than that of the entrance face 210. 
30 Figure 4 shows two exemplary refractive index distributions of the GRIN- 

sphere lens, which may be used in any of the first to third embodiments of the 
invention. 



The entrance fece 110 of the transparent material 104, forming a 
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The distributions are plotted across the entire (normalised) radius of the 
GRIN-sphere lens, ranging fam 0 to 1 . The refractive index of the GRIN-sphere 
lens at each radial point is normalised with respect to the refractive index of the 
transparent material. In the lower one of the two illustrated distributions, the 
5 refractive index ranges from a minimum of approximately 1.02 near the outer 
surface of the GRIN-sphere lens to approximately 1.10 at the centre of the GRIN 
sphere lens. In the upper one of the two illustrated distributions, the refractive 
index ranges from a minimum of approximately 1 .08 near the outer surface of the 
GRIN-sphere lens to approximately 1 .14 at the centre of the GRIN sphere lens. 
10 Each of the two exemplary refractive index distributions includes parts 

having at least two separate radial extents within which the material of the 
GRIN-sphere lens has a continuously varying refractive index, the refractive 
index variation having a gradient discontinuity between the two radial extents. 
The discontinuity is the minimum #h&wn near the outer surface of the lens. 
15 : Each of me . two .^empla^,. refractive index distributions provides a 

GRIN-sphere feflj ^^jJ^NiW^ * its ceatK which h E reater tp* a f : * 

refractive index- at its outer surface. Further, it can be seen that the transparent 
material has a refractive index which is less than a refractive index of GRIN- 

sphere lens at-its outer surface; = ^ 

20 Preferably, the ratio of the refractive index of GRIN-sphere lens,; at its 

outer surface to the refractive index of the transparent material is between 1 and 
2, for example between 1.02 and 1.2. Further preferably, the ratio of the 
refractive index of GRIN-sphere lens at its centre to the refractive index of the 
transparent material is between 1 and 2, for example between 1.05 and 1.5. 
25 Typically, in embodiments of the invention, the GRIN-sphere lens has a 

refractive index distribution which averages, across" a radial cross-section, 
between 1.4 and 1.8, and. the transparent material has a refractive index greater 
than 1.3. 

The transparent material as described in each of the above embodiments 
30 is preferably formed, for example as two mterfrtting halves, by a mou lding 
process. la this manner, the material can be accurately shaped to support the 
GRIN-sphere lens concentrically with respect to its inner and outer spherical 
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surfaces. Alternative procedures may of course be used depending upon various 
criteria, such as overall dimensions, performance requirements and operational 

demands such as robustness. 

The above embodiments are to be understood as illustrative examples of 
the invention. It is to be understood that any feature described in relation to any 
one embodiment may be used alone, or in combination with other features 
described, and may also be used in combination with one or more features of any 
other of the embodiments, or any combination of any other of the embodiments. 
Furthermore, equivalents and modifications not described above may also be 
employed without departing from me scope of the invention, which is defined in 
the accompanying claims. 
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CLAIMS 

1. A retroreflective device comprising a substantially spherical 
graded refractive index lens, a reflective part for retroreflecting a radiation team 

5 passing through the graded refractive index lens and, at least partially 
surrounding the lens, a non-gaseous transparent material having a substantially 
uniform refractive index* 

2. A device according to claim 1* wherein said graded refractive 
10 index lens has a gradually varying, spherically symmetric, refractive index 

distribution. 

3. A device according to claim 2, wherein said refractive index 
distribution includes parts having at;le$^ tv^ extents within 

15 which the material of the lens has a ^tinuou^ly^ai^g refractive index, the 
refractive index variation having a grSSierit ^isc^^ixui^-*St^een said two radial 
extents. '** 

2£ TTdevice a<^lJfdijj@~to~any^ 
20 refractive index lens has a refractive index; at its centre which is greater than a 
refractive index at its outer Surface. 

5. A device according to any preceding claim, wherein said 
transparent material has a refractive index which is less than a refractive index of 
25 said graded refractive index lens at its outer surface. 

6- A device according to any preceding claim, wherein a ratio of the 
refractive index of said graded refractive index lens at its outer $urface,to a 
refractive index of said transparent material is between 1 and 2. 

30 
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7. A device according to any preceding claim, -wherein a ratio of the 
refractive index of said graded refractive index lens at its centre to a refractive 
index of said transparent material is between 1 and 2. 

8. A device according to any preceding claim, wherein said 
transparent material surrounds at least approximately one half of ihe lens. 



9. A device according to any preceding claim, wherein at least part of 
said transparent material is located between said graded refractive index lens and 
10 the reflective part. 

10, A device according to any preceding claim, wherein said reflective 
part includes a substantially spherical reflective surface arranged concentrically 
with respect to said graded refractive index lens.>. r -•• ■# ■* 

11, A device according to any precedes ^p^,m^^^vo6ary of 
the transparent material remote from said lens, and through which a radiation 
beam passes to be rcuoieflected, is defined by a substantially spherical 

Traxisparenrsurface-an-anged-concenM refractive.. 

20 index lens. 

12, A device according to claim 10 and 11 , wherein said substantially 
spherical reflective surface and substantially spherical teansparent surface have 
substantially the same radius of curvature. 

13, A device according to claim 10 and 11, wherein said substantially 
spherical reflective surface and substantially spherical transparent surface have 
different radii of curvature. 

14, A device according to claim 13, wherein said substantially 
spherical reflective surface has a smaller radius of curvature than that of said 
substantially spherical transparent surface. 



25 
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15, A device according to airy of claims 1 to 10, wherein a boundary 
of the transparent material remote from said lens, and through which a radiation 
beam passes to be retrtieflected, is defined by a substantially planar surface. 

5 

16. A device according to any preceding claim, wherein said 
transparent material comprises a solid moulded component 

r 17, . a device according to any preceding claim, wherein said 
10 transparent material has a refractive index greater than 1 .3. 

18. A device according to any preceding claim, wherein said graded 
refractive index lens has a refractive index distribution which averages, across a 
* -'V;*- ' ** •* *•' radial cross-section, between 1.4 and 1.8. . 
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ABSTRACT 

gPTRORKFLECT TVP- TOVICES AND SYSTEMS. 

A retrorefleetive device comprising a substantially spherical graded 
restive index lens, referred to as a GRIN-sphere lens, a reflective part for 
retroreflectmg a radiation beam passing through the graded refractive index lens 
and, at least partially surrounding the lens, a transparent material having a 
substantially uniform refractive index. 
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